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positive correlation between enumeration of F. oxysporum on Komada's agar and quantification of the pathogen using the TaqMan assay was observed in a comparison of 82 soil samples. Correlations between pathogen DNA levels, Fusarium wilt severity ratings, and spinach biomass were significantly positive for one set of naturally infested soils but not between pathogen DNA levels, wilt incidence ratings, and spinach biomass for other soil samples, suggesting that soilborne pathogen population is not the sole determinant of spinach Fusarium wilt incidence or severity. The presence of the G SNP detected in one isolate of each of F. oxysporum ff. spp. lageneriae, lilii, melongenae, and raphani and reaction of the real-time PCR assay with 16 of 22 nonpathogenic isolates of F. oxysporum associated with spinach plants or soil in which spinach had been grown potentially limits the application of this assay. Nonetheless, because all isolates of F. oxysporum f. sp. spinaciae tested positive with the real-time PCR assay, the assay may provide a valuable means of screening for resistance to Fusarium wilt by quantifying development of the pathogen in spinach plants inoculated with the pathogen.
The long day length, mild temperatures, and dry summer weather in the maritime Pacific Northwest (PNW) region of the United States render this the only region of the United States suitable for spinach (Spinacia oleracea L.) seed production (22, 49) . Spinach seed crops in western Washington and Oregon produce up to 50% of the United States and 25% of the world spinach seed supply annually (22) . However, the acidic soils characteristic of this region are highly conducive to Fusarium wilt of spinach (18, 22) . The disease is caused by Fusarium oxysporum f. sp. spinaciae W.C. Snyder & H.N. Hansen, a soilborne pathogen that survives saprophytically in crop residues, as asymptomatic infections in plant roots, and as persistent chlamydospores (4, 6, 8, 54) .
Fusarium wilt of spinach has become the primary limiting factor for spinach seed production in the PNW (22) and, therefore, in the United States. Planting resistant cultivars is the most environmentally and economically feasible option for management of this disease (17, 18, 22) . However, availability of resistant cultivars is limited (21) and, most importantly, seed crops are grown on contract; therefore, spinach seed growers have little choice in the parent lines they plant (22) . Expenses for management of this disease by soil fumigation are cost prohibitive for spinach seed crops, and rotations of 10 to 15 years are currently required to avoid significant yield losses from the disease. Alternative management strategies and a reliable means of predicting the disease risk associated with specific field sites are necessary for improving spinach seed yields and productivity in the PNW.
The F. oxysporum complex consists of nonpathogenic and pathogenic strains of >120 formae speciales (29) . Strains of nonpathogenic Fusarium spp., including nonpathogenic F. oxysporum as well as formae speciales of F. oxysporum, are ubiquitous in soils (27) . In general, subspecific strains are morphologically indistinguishable, and reliable identification of a forma specialis requires pathogenicity tests (8, 23) . Identification of formae speciales of F. oxysporum by pathogenicity tests and enumeration by plating on agar media are time consuming, require extensive mycological expertise, and are not suitable for large-scale pathogen sampling (44) . There is no known teleomorph for F. oxysporum (44) and, in such clonally reproducing organisms, lineage-specific mutations are passed to subsequent generations in the absence of recombination (42) and changes in host range. Molecular approaches have helped address limitations in identifying and enumerating isolates of some formae speciales and even races within formae speciales (23) . A DNA array for three major root rot and wilt pathogens of tomato enabled simultaneous detection of picogram amounts of DNA of the three pathogens from agricultural samples (45) . Polymerase chain reaction (PCR)-based assays for several Fusarium wilt pathogens, including Fusarium oxysporum ff. spp. ciceris (40) , canariensis (Canary Island date palm) (53) , and cubense (46) , targeted random amplified polymorphic DNA (RAPD) or unique and, therefore, specific genomic DNA sequences of unknown function. A restriction fragment length polymorphism PCR assay based on the intergenic spacer (IGS) region of ribosomal DNA (rDNA) of isolates of F. oxysporum f. sp. vasinfectum was also reported (62) . Forma specialis-specific molecular assays based on single-copy amplified regions (58, 60) have been deployed successfully for F. oxysporum f. sp. ciceris (34, 35) . A monophyletic lineage has been hypothesized for F. oxysporum f. sp. spinaciae based on amplified fragment length polymorphisms and mitochondrial DNA sequence analyses (7, 27) .
The objective of this study was to determine whether sequence diversity in the IGS rDNA of PNW isolates of F. oxysporum f. sp. spinaciae was adequately conserved to develop a quantitative realtime PCR assay for this pathogen but variable enough to distinguish isolates of the pathogen from isolates of other formae spe- a Original = original host; + = pathogenic on the host of origin or on spinach; Unk = unknown; -= nonpathogenic on the host of origin or on spinach; ± for isolate F. oxysporum f. sp. melonis 9016 designates differential responses of host cultivars carrying resistance (-) or susceptibility (+) to race 2. b Plant host of origin. Latin names inferred from cited formae speciales or common names of the host plants: asparagus = Asparagus officinalis, barrel medic = Medicago truncatula, celery = Apium graveolens var. dulce, chickpea = Cicer arietinum, cotton = Gossypium hirsutum, cucumber = Cucumis sativus, daffodil = Narcissus pseudonarcissus, fava bean = Vicia faba, heliotrope = Heliotropium sp., iris = Iris sp., kidney bean = Phaseolus vulgaris, lettuce = Lactuca sativa, onion = Allium cepa, pea = Pisum sativum, prickly pear = Opuntia sp., radish = Raphanus sativus, spinach = Spinacia oleracea, staghorn sumac = Rhus typhina, stock = Matthiola sp., sugar beet = Beta vulgaris subsp. vulgaris, sweet potato = Ipomoea batatas, tomato = Lycopersicon esculentum, trumpet lily = Lilium longiflorum, and tulip = Tulipa sp. NR = not reported. c Single-nucleotide polymorphism (SNP) at position 615 in the ribosomal DNA intergenic spacer sequence of F. oxysporum f. sp. spinaciae reference strain Fus001. G = guanine, A = adenine, n.a. = not assayed. Bold indicates the G SNP in a nontarget isolate. d Average cycle threshold (C t ) values from duplicate TaqMan real-time PCR assays for F. oxysporum f. sp. spinaciae; -= no DNA amplification detected in the TaqMan real-time PCR assays; n.a. = not assayed. Bold indicates amplification of a nontarget isolate. e GenBank accession number. f Source of isolate or reference.
ciales. The IGS region of nuclear rDNA was targeted because of availability of sequence data (39, 48) and because this region is more variable for isolates of F. oxysporum than the internal transcribed spacer (ITS) rDNA region (48) (P. Okubara and L. du Toit, unpublished data). This study documents the development of a TaqMan real-time PCR assay for F. oxysporum f. sp. spinaciae based on a guanine (G) single-nucleotide polymorphism (SNP) identified in the IGS rDNA region, demonstrates use of the realtime PCR assay to avoid labor-intensive pathogenicity tests, and illustrates potential application as well as limitations of the assay for enumerating populations of the spinach Fusarium wilt pathogen in naturally infested soils. (11) . The isolates, designated "Fus," were tested for pathogenicity on spinach as described below. Additional isolates were obtained from plant debris washed through a series of sieves (4-, 2-, and 0.5-mm 2 aperture). Debris retained on the 0.5-mm 2 sieve was dried in a laminar flow hood, and 10 to 12 pieces were transferred to a plate of Komada's agar medium (43) . Fusarium isolates were also collected from soil samples using dilution plating (44) . In summary, soil samples were sieved to eliminate plant debris, and 10 g of dry soil was added to 90 ml of autoclaved 0.1% water agar. Each soil suspension was placed on a shaker for 12 min at 250 rpm, and three aliquots were transferred serially to 0.1% water agar to achieve 10
Materials and Methods
, and 10 -3 dilutions. A 1-ml aliquot of each dilution was spread onto Komada's agar medium on duplicate plates, and the plates were monitored for 7 to 14 days. Candidate F. oxysporum colonies were streaked onto potato dextrose agar (PDA) (Difco Laboratories) for single-spore isolation or hyphal-tip transfer. Additional isolates were obtained from J. C. Correll (University of Arkansas), and DNA extracts of other isolates were provided by cooperators (Table 1) .
Fungal isolates were cultured at room temperature in natural daylight for up to 4 weeks on PDA or for 10 to 30 days on carnation leaf agar (CLA) (50) . F. oxysporum isolates were identified on the basis of morphological characteristics on PDA and CLA, as described by Leslie and Summerell (44) . Each isolate represented a single genotype after single-spore isolation or hyphal-tip transfer. For long-term storage, mycelium of each isolate was grown over sterilized, 1.5-cm-diameter disks of Filter Paper 413 (VWR Scientific) on PDA. Colonized disks were placed in sterilized coin envelopes, dried in a laminar flow hood for 24 h, and stored with anhydrous calcium sulfate (DrieRite; Mallinckrodt Baker, Inc.) at -20°C.
To propagate inoculum, three 5-mm-diameter agar plugs of the appropriate isolate were placed in 500 ml of pasteurized, Ritzville coarse silty loam soil from Lind, WA that was supplemented with 1% (wt/wt) ground oatmeal, moistened with sterilized water (15% wt/wt), and incubated at room temperature for 4 weeks in the dark. Fungal populations were quantified by suspending 100 mg of infested soil-oatmeal in 5 ml of sterile water, from which 10-fold serial dilutions were spread in triplicate onto plates of 2% water agar (0.2 ml/plate/dilution), and incubated at room temperature in the dark for 2 days. Inoculum density was calculated as the average number of CFU/g of soil.
Pathogenicity tests. The root-dip inoculation method of Haglund (28), with minor modifications, was used to evaluate PNW isolates of F. oxysporum for pathogenicity on spinach. For each isolate, a 1-mm 2 agar plug was transferred from the margin of a 5-day culture on PDA to 50 ml of Kerr's broth (41) in Erlenmeyer flasks. The flasks were placed on a shaker at 125 rpm for 5 to 7 days at room temperature. The Kerr's broth was then filtered through four layers of cheesecloth to separate mycelia from spores, and the spore suspension diluted to approximately 5 × 10 5 spores/ml for root dip inoculations.
A proprietary spinach inbred line, 9420.553 (Alf Christianson Seed Co.), was used for pathogenicity testing because of tolerance of this line to thrips feeding injury, a persistent problem in the greenhouse. Seedlings were grown for 30 days at 20°C under a 9-h photoperiod in RediEarth seedling starter mix (SunGro Horticulture) in 72-cell flats (TLC Polyform, Inc.). The root plugs of 4 to 5 seedlings (= replications) were injured manually to provide wounding for infection, then swirled in 100 ml of the appropriate spore suspension for 60 s. Inoculated seedlings were transplanted individually into 12-cm-diameter plastic pots containing Sunshine Professional Growing Mix No. 1 (SunGro Horticulture). Pots were arranged in a randomized complete block design (RCBD) and maintained in a greenhouse at 28 ± 3°C for 4 to 6 weeks to promote Fusarium wilt. The pathogenicity tests were repeated. For each test, four or five replicate noninoculated plants served as a negative control treatment, for which seedlings were treated similarly to the inoculated plants but dipped in sterilized water; and four or five replicate plants were inoculated with a known pathogenic isolate, Fus001, as a positive control treatment.
Disease severity was recorded weekly for each plant on a 0 to 100 scale based on the percentage of leaf pairs (ranging from four to eight true-leaf pairs per plant) showing Fusarium wilt. Taproots, crowns, and secondary roots were washed, cut lengthwise, surface sterilized in 0.6% NaOCl for 4 min, rinsed three times in sterilized water, and placed on PDA for 5 days to monitor growth of F. oxysporum. Fungal isolates were examined for species identification.
The pathogenicity to spinach was tested similarly for 12 isolates of F. oxysporum f. sp. spinaciae obtained from Arkansas, California, Oklahoma, Tennessee, and Washington, as well as 3 isolates from Japan provided by Fiely et al. (21); an isolate of each of F. oxysporum ff. spp. apii, cucumerinum, matthiolae, and spinaciae from Kawabe et al. (39) ; and 6 PNW isolates of F. oxysporum f. sp. raphani ( Table 1 ). The pathogenicity of the remaining fungal isolates listed in Table 1 and obtained from hosts of origin other than spinach was assumed to have been determined by the source laboratories.
DNA extraction from mycelia and soils. Fusarium isolates were cultured on half-strength PDA for 4 to 8 days at room temperature under natural light. Two agar plugs (each 4 to 6 mm in diameter) of each isolate were transferred to 30 ml of half-strength potato dextrose broth (PDB) in a 125-ml flask. The flasks were placed on a shaker at 125 rpm for 5 days. Mycelium was collected on a moistened Whatman number 4 filter disk in a sterilized Buchner funnel and macerated in Cell Lysis Solution CLS-Y (FastDNA kit; MP Biomedicals) using the FastPrep FP120 homogenizer (Qbiogene,) at a speed of 6 m/s for 40 s. DNA was extracted using the FastDNA kit as outlined by the manufacturer for fungi. DNA was quantified using Hoechst 33258 dye (Bio-Rad) and a Tecan Safire fluorometer (Tecan).
Soil samples (0.8 g) naturally infested or inoculated with F. oxysporum f. sp. spinaciae were extracted using pressure cycling technology (Pressure BioSciences, Inc.) and the UltraClean Soil DNA Kit (MO BIO Laboratories), as described by Okubara et al. (51) . Briefly, each soil sample was combined with 60 µl of S1, 200 µl of inhibitor removal solution, 300 µl of bead solution, and 100 mg of washed Amberlite-XAD-4 (Sigma-Aldrich), and subjected to 20 cycles of 135 mPa (20,000 psi) for 20 s alternated with ambient pressure for 10 s, using the Barocycler NEP 3229 (Pressure BioSciences, Inc.). Clarified supernatants were processed with S2, S3, and S4 buffers (52) . Extractions for each soil sample were done in triplicate.
IGS amplification, sequence determination, and alignments. Primers CNL12 and CNS1 (Table 2) were used to generate genomic fragments of the IGS region of PNW isolates of F. oxysporum from spinach (Fus001, -057, -058, -059, and -061), iris (Fus071, -073, and -074), daffodil (Fus103, -107, -110, and -113), tulip (Fus078, -085, and -097), pea (Fus065, -066, -068, and -070), radish (Fus054 and -055), and onion (Fus064). Each PCR reaction was performed in a 20-µl reaction containing 1× PCR buffer (20 mM Tris-HCl [pH 8.4] and 50 mM KCl), 3.75 mM MgCl 2 , 300 µM each dNTP, 1.2 µM each forward and reverse primer, 3 units of Taq polymerase (Invitrogen Corp.), and 50 ng of genomic DNA. Amplification was performed in a PTC 200 thermocycler (MJ Research) using the following thermocycling profile: 94°C for 3 min; 35 cycles of 94°C for 1 min, 60°C for 1.5 min, and 72°C for 2.5 min; and a final extension at 72°C for 10 min. Primers were removed from the PCR product prior to sequencing using ExoSAP-IT (USB) or by passage through Performa DTR cartridges (Edge Biosystems). Complete sequences of the amplified IGS segments were obtained by primer walking using CN34, CN61, CNS12, RCN61, RU3, RU46.67, U46.67, and IGS4 (Table 1) . To look for SNPs in the selected isolates (Table 1) , a 568-bp portion of IGS rDNA was obtained using primers CN61 and U46.67 (Table 2) . Sequencing was done by ELIM Biopharmaceuticals, Inc. using Big Dye chemistry (Applied Biosystems). IGS sequences were trimmed to the shortest common segment (1,329 bp) and aligned using ClustalW 1.8 (31) . Sequence identities were visualized using the GeneDoc Shading Utility 2.0.1 (Pittsburgh Supercomputing Center).
TaqMan real-time PCR assay. TaqMan PCR primers and a probe were designed using Primer Express (version 3.0; Applied Biosystems) based on the IGS sequence of Fus001 (GenBank FJ972801) and a putative G SNP for F. oxysporum f. sp. spinaciae identified in the aligned IGS sequences (see Results and Supplementary Figure 1 ), using default software parameters and the TaqMan minor groove binder option for the probe. Two reverse primers, FOS12 and FOS12A, were designed to amplify alternative reverse primer binding sites identified in the PNW isolates of F. oxysporum f. sp. spinaciae. Sequences of probe FOSP1, forward primer FOS1, and reverse primers FOS12 and FOS12A are shown in Table 2 . The fluorochrome 6-carboxyfluorescein was attached to the 5′ terminus of the probe (TaqMan; Applied Biosystems) and the quencher dye tetra-methylcarboxyrhodamine was attached to the 3′ terminus.
Real-time PCR was performed in 50-µl reactions, each containing 25 µl of 2× Universal Master Mix (Applied Biosystems), 900 nM each of FOS1 and FOS12A or FOS12 + FOS12A, 250 nM FOSP1 probe, and 5 µl of mycelial DNA extract or 2 µl of soil DNA extract. Amplification was done using an ABI 7300 real-time thermocycler (Applied Biosystems) at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Negative control samples included water (no DNA) and 0.5 to 1.0 ng of DNA from F. oxysporum f. sp. pisi isolate Fop1 (Table 1) . DNA (approximately 50 pg) from each of F. oxysporum f. sp. spinaciae isolates Fus004 and Fus059 served as positive control samples. Each sample was assayed in duplicate.
TaqMan real-time PCR assay specificity. Specificity of the TaqMan real-time PCR assay was tested using DNA from 27 F. oxysporum f. sp. spinaciae isolates (Table 1) , 55 non-spinaciae isolates of F. oxysporum (Table 1) , and 31 isolates of oomycetes and fungi other than F. oxysporum (Supplementary Table 1 ). DNA (1.0 to 2.5 ng) was extracted from mycelium of each isolate as described above or supplied by other researchers. Fop1 and Fus004 served as negative and positive DNA control samples, respectively. Cycle threshold (C t ) values of 38.00 were considered the threshold for quantification based on preliminary assays that demonstrated that amplification of the target DNA at higher C t values was too variable to extrapolate pathogen quantity from duplicate PCR reactions (data not shown) (i.e., C t values >38.00 indicated nonspecific amplification). BLASTN (1) was used to query the GenBank nonredundant nucleotide database for sequence similarities to the realtime PCR assay primers and probe.
To test specificity of the assay with other formae speciales of F. oxysporum and other Fusarium spp. that could not readily be acquired, an in silico analysis of duplex stability (ΔG) (52) between the primers or probe and nontarget DNA templates was performed (Supplementary Table 2 ) using the nearest-neighbor algorithm of PrimerSelect 5.00 (DNASTAR, Inc.). Duplex stability values for IGS sequences of 53 accessions of Fusarium from GenBank and either FOS1, FOS12, or FOSP1 were obtained using default parameters of 50 mM salt (common in PCR reaction buffers), 25°C, and an average stability cut-off of 0.76 kcal/mol/bp. F. oxysporum f. sp. spinaciae isolates Fus001, NRRL26871, and Ky-2 served as positive control sequences; isolates Fus066 and Fus068 from pea were negative control sequences.
Mycelial and soil standard curves. Standard curves for DNA isolated from mycelia of fungal isolates were generated using 0.01, 0.1, 1.0, 10, 100, and 1,000 pg of DNA of F. oxysporum f. sp. spinaciae Fus004 (for FOS12A genotype) and Fus059 (for FOS12 genotype), or a 1:1 mass ratio of DNA from Fus001 and Fus059 (for FOS12 + FOS12A mix) ( Table 3 ). Fus001 and Fus004, having identical primer and probe binding sites, were used interchangeably in the real-time PCR assays. Soil was air dried, sieved (2-mmdiameter pore size), and used to generate two types of standard curves: (i) DNA extracts of a pathogen-free, Puget silt loam soil from Mount Vernon, WA (52) that was spiked with DNA of Fus004 (0.6 pg to 60 ng) and (ii) DNA extracts from a Mount Vernon soil inoculated at 10-fold concentrations ranging from 10 to approximately 10,000 CFU/g with mycelium of Fus001, Fus003, or Fus004 or a mixture of equal populations of Fus004 and Fus059.
Naturally infested soils from spinach production sites and disease severity data. The TaqMan real-time PCR assay was evaluated using soil sampled from Washington spinach seed production sites representing a total of 82 samples collected from fields in northwestern Washington with a history of spinach Fusarium wilt: (i) samples designated "SV" collected from growercooperator fields (n = 9) in Skagit County, WA in 2008, representing a range of 1 to 15 years of rotation out of spinach seed crops (Table 4) northwestern Washington ('10SPFWSB') (25; Table 5 ), with severity of spinach Fusarium wilt ranging from 0 to 100% (25) . In the 2008 and 2009 spinach trials, incidence of plants with wilt symptoms was rated regularly through the season, spinach biomass and seed yield were measured, and the amount of F. oxysporum in the soil in each plot at harvest was quantified by plating soil samples onto Komada's agar medium (14, 24) . In the bioassay of 29 fields sampled in 2009 and 2010, severity of Fusarium wilt was rated weekly, spinach biomass measured, and F. oxysporum enumerated on Komada's agar medium for each soil sample (25) . Negative control soil samples were obtained from a field in the Columbia Basin of central Washington (VSP#08-19) that had never been planted to spinach but was naturally infested with F. oxysporum f. sp. raphani (13, 19) , and from a nonagricultural site near Quincy, WA (QV). Statistical analyses. Data for the pathogenicity tests of fungal isolates were subjected to analyses of variance in Proc GLM of SAS (version 9.1; SAS Institute) for an RCBD with replicates (blocks) as a random variable and fungal isolates as a fixed variable. Fisher's protected least significant difference (P < 0.05) was used for comparing mean disease rating of isolates with those of the positive and negative control treatments. Real-time PCR assay results were compared using DNA extractions done in triplicate for each soil sample. Average C t values for each extract were obtained from duplicate PCR assays. All means and standard errors of C t values and, hence, picograms or CFU/g of soil, represented the average of three soil extractions per sample. Pearson's correlation coefficients were calculated for F. oxysporum f. sp. spinaciae CFU/g of soil from the real-time PCR assays, total F. oxysporum/g of soil enumerated on Komada's agar medium, incidence or severity of Fusarium wilt, and spinach biomass, as detailed in the original reports (14, 24, 25) .
Results
Spinach pathogenicity tests. Symptoms of Fusarium wilt were observed on all plants inoculated with the control isolate of F. oxysporum f. sp. spinaciae, Fus001, in each pathogenicity test. Symptoms were first observed approximately 2 weeks after inoculation, as flaccid lower leaves, and progressed to chlorosis and necrosis of an increasing percentage of the leaves each week, with 100% severity by 3 to 4 weeks after inoculation and death of some plants by 5 to 6 weeks after inoculation. All of the noninoculated control plants remained asymptomatic over the duration of each pathogenicity test. Of 21 spinach isolates of F. oxysporum obtained from the PNW in this study and tested for pathogenicity on spinach, 18 caused Fusarium wilt symptoms in both pathogenicity tests, and 3 (VSP08-41-1, VSP08-41-5, and 502A#2) did not cause symptoms in either test (Table 1) . Results were consistent in the repeat pathogenicity test (data not shown). Some pathogenic isolates caused symptoms to develop as rapidly as those caused by Fus001, whereas other isolates appeared to be less aggressive because symptoms developed more slowly. Interestingly, F. oxysporum was reisolated from the roots of plants inoculated with each of the spinach isolates, regardless of whether the isolate was pathogenic or not on spinach; F. oxysporum was not isolated from the noninoculated control plants.
Similarly, pathogenicity to spinach was confirmed for 12 isolates of F. oxysporum f. sp. spinaciae obtained from Arkansas, California, Oklahoma, Tennessee, and Washington and 3 isolates from Japan collected previously (21) , verifying the designation of these isolates as F. oxysporum f. sp. spinaciae (Table 1) . Pathogenicity tests with four isolates of F. oxysporum obtained from Kawabe et al. (39) showed that only the spinaciae isolate (Ky-2) was pathogenic on spinach, whereas isolates of apii, cucumerinum, and matthiolae were not pathogenic on spinach (Table 1) . Similarly, none of the six PNW isolates of F. oxysporum f. sp. raphani was pathogenic on spinach (Table 1) . a Mean and standard error of three DNA extractions/soil sample. Reverse primers were used in combination with forward primer FOS1 to detect either the adenine (A) or adenine + guanine (A + G) versions of the single-nucleotide polymorphism detected in the intergenic spacer region of rDNA of F. oxysporum f. sp. spinaciae, using primer FOS12A only or primers FOS12 + FOS12A, respectively (see Table 2 ); n.t. = not tested. b Year last planted to a spinach seed crop. c Soil samples VSP#08-19 and QV were from fields located near Quincy in central Washington, a semi-arid region outside of the maritime northwestern region of Washington where spinach seed crops are grown. These fields served as negative control samples (not infested with F. oxysporum f. sp. spinaciae).
G SNP common among spinach isolates. IGS amplicons of 1,329 to 2,499 bp were obtained from 22 PNW F. oxysporum isolates originating from seven host species (GenBank accession numbers in Table 1 ). ClustalW analysis (31) indicated that the 22 sequences shared 96 to 99% sequence identity, with as much diversity among isolates of F. oxysporum f. sp. spinaciae as among isolates of spinaciae and other formae speciales. The initial sequence comparison indicated that a real-time PCR assay for F. oxysporum f. sp. spinaciae could be based on a SNP in the IGS region (Fig. 1) . All 34 isolates that were verified as F. oxysporum f. sp. spinaciae by pathogenicity testing (20 from the PNW, 10 from other regions of the United States, and 4 from Japan; see above), as well as 2 spinach isolates designated as F. oxysporum f. sp. spinaciae by the suppliers (isolates FRC O-1136 and NRRL 26871), harbored a G residue at the equivalent nucleotide position 615 of the Fus001 IGS sequence (GenBank FJ972801). Of the three spinach isolates that were not pathogenic on the spinach inbred line 9420.553, one contained the G SNP and two had an adenine (A) at this nucleotide position (Table 1) . Sixty-four additional isolates representing 24 formae speciales other than spinaciae had an A at position 615 (Table 1 ). This G SNP was the basis for designing the TaqMan probe, FOSP1 (Fig. 1) .
TaqMan assay primers and specificity. A second G/A polymorphism was detected within the reverse primer binding site corresponding to nucleotide position 653 of the Fus001 IGS sequence (Fig. 1) . Of 19 PNW isolates of F. oxysporum f. sp. spinaciae, 11 (58%) had a G residue at nucleotide position 653 and 8 (42%) had an A residue. Among the isolates from other states, 46% had a G nucleotide and 54% an A nucleotide at this location. However, the 33 isolates from Japan were predominantly the A genotype (85%). Therefore, real-time PCR assays were developed using a mix of reverse primers for the G/A genotypes (FOS12 + FOS 12A) and for the A genotype alone (FOS12A) ( Table 2) .
DNA from 30 isolates of F. oxysporum f. sp. spinaciae known to be pathogenic to spinach and carrying the G SNP produced C t values of 11.01 to 23.91, depending on the quantity of DNA used in the assay (Table 1 ). C t values of 38.00 were considered the threshold for quantification and C t values >38.00 were considered nonspecific, as described above. DNA from F. oxysporum isolates representing 26 other formae speciales yielded C t values >38.00 or failed to generate detectable fluorescence (Table 1 ). An additional 33 isolates representing 28 species other than F. oxysporum also did not produce the IGS amplicon. In total, 67 nontarget isolates either carried the A SNP or failed to produce an amplicon, demonstrating the specificity of the TaqMan assay for the F. oxysporum f. sp. spinaciae isolates evaluated in this study.
In silico oligonucleotide-template duplex stability analysis, used to evaluate the likelihood of nonspecific primer or probe binding, demonstrated that the ΔG values for specific target annealing were -38.6 and -37.7 for FOS1 and FOS12A, respectively, and -33.8 to -32.8 kcal/mol for the probe FOSP1. These values reflected a high degree of duplex stability and were predictive of PCR amplification (Table 1 ). In contrast, the ΔG values for the F. oxysporum f. sp. pisi sequences, for example, indicated perfect duplex formation for only one of the two primers; other templates harbored imperfect FOS12 binding sites with less stable ΔG values (-28 to -34 kcal/mol), or were "null" (no predicted duplex formation). The ΔG value for FOSP1 and templates with the A SNP was -28.4 kcal/mol. BLASTN analysis resulted in no nonspecific matches between FOS primers or probe and sequences in the nonredundant GenBank database.
G SNP in formae speciales other than F. oxysporum f. sp. spinaciae. Eleven F. oxysporum isolates from spinach that proved to be nonpathogenic when inoculated onto the proprietary spinach line 9420.553, or from hosts other than spinach, carried the G SNP based on nucleotide sequence analysis (Table 1) , real-time PCR analysis (Table 1) , or probe-template duplex stability analysis. The isolates included F. oxysporum ff. spp. apii, cucumerinum, lagenariae, lilii, matthiolae, melongenae, and raphani. Three of the Japanese isolates available for testing were also nonpathogenic to spinach line 9420.553, as described above. Among the U.S. isolates, one (VSP08-41-1) originated from PNW spinach seed crops and carried the G SNP but was nonpathogenic on line 9420.553. Two other U.S. isolates carrying the G SNP were identified by the suppliers as F. oxysporum ff. spp. apii and lilii (Table 1) . These results indicate potential cross-reaction of the real-time PCR assay with a limited number of isolates of seven formae speciales other than spinaciae and with a nonpathogenic isolates of F. oxysporum that colonized spinach plants.
Further evaluation of cross-detection of the real-time PCR assay. As a result of cross-detection of the real-time PCR assay with the two nonpathogenic isolates of F. oxysporum obtained from Table 5 . Correlation coefficients of the amount of Fusarium oxysporum f. sp. spinaciae detected using a TaqMan real-time polymerase chain reaction (PCR) assay in soils sampled from fields in northwestern Washington versus the amount of F. oxysporum detected by soil dilution plating, the incidence or severity of spinach Fusarium wilt, and spinach biomass a a F. oxysporum f. sp. spinaciae CFU/g of soil calculated based on a TaqMan real-time PCR assay for DNA of the target pathogen, and quantified using a standard curve (refer to the main text and Table 2 for details). Numbers in parentheses are the probability (P) of rejecting the null hypothesis of no significant correlation between those two variables. b Each plot and field was naturally infested with the spinach Fusarium wilt pathogen following previous commercial spinach seed crops. Details of the 2008 trial are described by du Toit et al. (14) , the 2009 trial by Gatch et al. (24) , and the 2009-10 soil bioassay by Gatch and du Toit (25) . c Total F. oxysporum CFU/g of soil plated on Komada's agar medium (43) . The agar medium does not permit differentiation of isolates of F. oxysporum f. sp.
spinaciae from those of other formae speciales or nonpathogenic isolates. 
pled from fields that had been planted to spinach crops were tested for pathogenicity on spinach and tested using the real-time PCR assay. Inoculum of each isolate was produced in Kerr's broth as described above for the original pathogenicity tests. Instead of the spinach inbred 9420.553, a proprietary female spinach line was used that is highly susceptible to Fusarium wilt and has been evaluated for more than 5 years in spinach Fusarium wilt field trials in northwestern Washington (12) (13) (14) 24) . Seedlings were grown in 72-cell flats as described above. Approximately 10 days after planting, the flats were cut into five sets of 12 cells (plants), and 4 ml of a spore suspension (5 × 10 5 spores/ml) of each of the fungal isolates was applied as a drench over the root plug of each of the 12 plants (replications) using a 10-ml syringe. A different syringe was used for each fungal isolate. Fus001 was inoculated similarly as a positive control treatment and water was used as a negative control treatment. The seedlings were rated weekly for symptoms of Fusarium wilt until 35 days after planting, and the data were analyzed as described above. Nine of the F. oxysporum isolates associated with spinach and listed in Table 1 (six pathogenic isolates: Fus193, Fus194, Fus253, Fus258, Fus261, and 404ABmaleA; and three nonpathogenic isolates: VSP08-41-1, VSP08-41-5, and 502A#2) were tested again for pathogenicity in this assay.
Of the 38 additional isolates of F. oxysporum tested, 20 were pathogenic and 18 were not pathogenic on spinach (data not shown). All 20 pathogenic isolates tested positive for F. oxysporum f. sp. spinaciae using the real-time PCR assay (true positive results). However, of the 18 nonpathogenic isolates, 4 (22.2%) tested negative with the real-time PCR assay (true-negative results), and 14 (77.7%) tested positive with the real-time PCR assay (falsepositive results for the real-time PCR assay). There were no falsenegative results (i.e., none of the pathogenic isolates tested negative with the real-time PCR assay). Of the nine F. oxysporum isolates shown in Table 1 that were retested for pathogenicity on spinach using the drench inoculation, results were consistent with the original pathogenicity tests (i.e., six were pathogenic and three were nonpathogenic). All nine isolates of other Fusarium spp. tested negative for pathogenicity and negative with the real-time PCR assay, illustrating specificity of the real-time PCR assay for isolates of F. oxysporum. The species identity of each of the 18 nonpathogenic isolates of F. oxysporum was confirmed by sequencing the ITS rDNA in both directions, aligning the sequences, and determining the closest matching sequences in GenBank (data not shown).
Pathogen quantification in soil samples. Amplification efficiencies derived from all soil standard curves were between 0.95 and 1.02 (Table 3 ), indicating that the TaqMan real-time PCR assay amplified at least 95% of the target sequences in the soil DNA extracts. Detection limits of the assays, extrapolated at the empirical quantification thresholds of a C t of 39.00 and 38.00 for soil and mycelial extracts, respectively, were estimated to be 2 CFU/g for soil samples assayed using reverse primer FOS12A alone, and 11 CFU/g soil using FOS12 + FOS12A. Attempts to generate high concentrations of chlamydospores of Fus001, Fus003, and Fus004 to test soil DNA extraction from these persistent pathogen propagules were unsuccessful. However, the protocol used for soil DNA extraction successfully amplified target DNA from dried soil samples, which most likely contained chlamydospores. For seven of the nine soil samples tested from fields in Skagit County, WA that had been rotated out of spinach seed crops for durations ranging from 1 to 15 years, the real-time PCR assay detected F. oxysporum f. sp. spinaciae in all nine fields, at populations of 5.8 ± 3.1 to 126.0 ± 49.0 CFU/g of soil (Table 4 ). In contrast, the two control soil samples collected from fields in central Washington that had never been planted to spinach did not show detectable levels of the pathogen (Table 4 ). The assay detected F. oxysporum f. sp. spinaciae at as little as 6.8 ± 6.7 to 13.2 ± 6.0 CFU/g of soil in a field in northwestern Washington that had been rotated out of spinach for 15 years. Slightly greater populations were detected in eight of the nine fields when the real-time PCR assay was done using the FOS12 + FOS12A primer mix compared with FOS12A alone (Table 4), indicating that both G and A genotypes of the pathogen were present in these soil samples. However, the differences in populations detected with the two forms of the real-time PCR assay were typically less than the standard deviation of the mean for each assay of a particular field.
Comparison of the TaqMan real-time PCR assay with soil dilution plating. TaqMan real-time PCR assays of 20 soil samples collected from a 2008 spinach field trial generated F. oxysporum f. sp. spinaciae at 4 to 2,269 CFU/g of soil (mean of 124 CFU/g) and, of 24 soil samples collected from the 2009 field trial, 7 to 14,056 CFU/g of soil (mean of 674 CFU/g). Quantification of F. oxysporum f. sp. spinaciae using the real-time PCR assay showed significant (P < 0.05) positive correlations with total F. oxysporum CFU/g of soil enumerated by dilution plating onto Komada's agar medium for the 73 soil samples collected from fields in northwestern Washington from 2008 to 2010 (Table 5 ). The strongest correlation was for soils sampled from the 2009 spinach trial plots (r = 0.9309 at P < 0.0001), followed by soils from the 2008 trial plots (r = 0.7269 at P = 0.0003), and 29 fields sampled in the 2009-10 bioassay (r = 0.4414 at P = 0.0272). However, for both the 2008 and 2009 field trials, there was no significant correlation between F. oxysporum f. sp. spinaciae CFU/g of soil quantified using the real-time PCR assay and either the incidence of Fusarium wilt (percentage of plants with symptoms of Fusarium wilt) or spinach dry biomass (Table 5 ). In contrast, for the 2009-10 soil bioassay trial, CFU/g of soil quantified using the real-time PCR assay was significantly positively correlated with severity of spinach Fusarium wilt (r = 0.5172 at P = 0.0096) and significantly negatively correlated with spinach biomass (r = -0.4034 at P = 0.0456) ( Table 5 ).
Discussion
The TaqMan real-time PCR assay developed in this study was based on a G SNP common to the IGS rDNA of all 36 of the original isolates of F. oxysporum f. sp. spinaciae evaluated, regardless of the state or country of origin. IGS sequence diversity at the G position was anticipated based on published reports for other formae speciales of F. oxysporum (36, 37, 57) . The detection and quantification of F. oxysporum f. sp. spinaciae DNA in a subset of soils from nine fields in northwestern Washington with a history of spinach seed production but not in soils from two fields in central Washington with no history of spinach production indicated that the real-time PCR assay could be a useful tool for assessing pathogen populations in soils. One field that had been planted to a spinach seed crop 15 years prior to collecting soil samples still harbored quantifiable F. oxysporum f. sp. spinaciae DNA when tested with the real-time PCR assay. This supports empirical observations (L. J. du Toit, personal observation) that the pathogen can be extremely persistent in soils in the maritime PNW, and that a rotation interval of 15 years may not be adequate for avoiding losses to spinach Fusarium wilt in some fields, depending on the susceptibility to Fusarium wilt of the parent lines that a seed grower is contracted to plant (12, 22) . The real-time PCR assay detected F. oxysporum f. sp. spinaciae in a field that had been rotated out of spinach production since 1994. When that field was planted to a spinach seed crop in 2008, the crop succumbed to a very severe outbreak of Fusarium wilt, resulting in a major loss to the grower and seed company (L. J. du Toit, personal observation), which concurred with detection of the pathogen using the real-time PCR assay.
Further evaluation of the TaqMan real-time PCR assay as a tool for predicting the risk of spinach Fusarium wilt was done by testing naturally infested soils from three spinach field trial sites in northwestern Washington. A significantly positive correlation of F. oxysporum f. sp. spinaciae CFU detected with the real-time PCR assay versus F. oxysporum CFU detected by serial dilutions of soil on Komada's agar was observed for all three trials, even though isolates of F. oxysporum f. sp. spinaciae cannot be differentiated from isolates of other formae speciales on Komada's agar medium (43) . Enumeration of the spinach wilt pathogen using the real-time PCR assay was also significantly positively correlated with severity of Fusarium wilt and significantly negatively correlated with spinach dry biomass in soils sampled from 29 fields in northwestern Washington in 2009-10. In contrast, there was no significant correlation between pathogen population and disease incidence for soils sampled from plots in separate field trials in each of 2008 and 2009 in northwestern Washington. This might have been due to the confounding presence of another soilborne vascular wilt pathogen, Verticillium dahliae, detected in soils from these sites (14, 15, 24) . Furthermore, development of Fusarium wilt in spinach seed crops is strongly influenced by the susceptibility of spinach cultivars or inbred lines (12, 14) , as well as by crops rotated with spinach, rotation intervals between spinach seed crops, soil properties (22, 25) , and other factors. Lack of uniformity in distribution of F. oxysporum f. sp. spinaciae within infested fields and the limited volume of soil (up to 0.8 g) used for each DNA extraction for the real-time PCR assay could also introduce sampling errors. Further confounding this is the evidence of a high level of cross-detection by the real-time PCR assay of nonpathogenic isolates of F. oxysporum associated with spinach plants or with soil sampled from fields planted to spinach (16 of 22 nonpathogenic isolates evaluated in this study tested positive with the real-time PCR assay). These factors limit utility of the real-time PCR assay for accurately predicting the risk of spinach Fusarium wilt for specific fields, as is true for any soil assay based strictly on pathogen quantification.
F. oxysporum consists of a collection of diverse formae speciales defined principally by substrate or host of origin. In this study, six F. oxysporum isolates from Japan designated as formae speciales apii, cucumerinum, matthiolae, melongenae, niveum, and fragariae clustered with those of F. oxysporum f. sp. spinaciae (39) in phylogenetic analysis of the IGS region, suggesting that IGS sequence similarity is not strictly correlated to host substrate (host species). This was supported by evidence of the G SNP being present in a few isolates from seven formae speciales other than spinaciae, five of which were confirmed to be nonpathogenic on spinach using pathogenicity assays; the remaining two were not available for pathogenicity testing. One additional isolate with the G SNP and obtained from spinach plants with symptoms of Fusarium wilt could not be designated as f. sp. spinaciae based on the pathogenicity tests, demonstrating the need to test isolates for accurate formae speciales designation, even isolates obtained from plants with typical Fusarium wilt symptoms. In other studies, phylogenetic clustering based on sequences of IGS rDNA and the mating type locus, MAT1, placed some isolates of F. oxysporum f. sp. spinaciae with isolates of the ff. spp. niveum, cubense, lycopersici, radicis-lycopersici (42) , and ciceris (36, 37, 39, 42) . The studies suggest that host pathogenicity may be evolving independently of the IGS and MAT1 loci (39, 57) for isolates of these formae speciales, which may hamper IGS-based identification and quantification of F. oxysporum f. sp. spinaciae.
Molecular diversity has been reported at the IGS region of isolates of F. oxysporum f. sp. melonis (5) . RAPD markers were used to differentiate yellowing and wilting pathotypes of F. oxysporum f. sp. ciceris, as well as isolates of pathogenic races 0, 1B/C, 5, and 6 (36, 37) . Similarly, diversity for isolates of F. oxysporum f. sp. lycopersici (57) suggests that host range or virulence determinants arise independently of and more rapidly than changes at the IGS and other regions of DNA within different genotypes (27) , possibly by horizontal gene transfer (47, 57) . Phylogenetic associations can be complicated by the presence of more than one IGS sequence within a single isolate (5) , by spontaneous loss of pathogenicity, and by sequestration on nonhost substrates (23) . Dual host pathogenicity has also been observed for several isolates of F. oxysporum f. sp. spinaciae from western Washington that proved to be pathogenic on sugar beet (Beta vulgaris subsp. vulgaris) in greenhouse pathogenicity tests (32) . Following initial pathogenicity tests in this study, it was discovered that the spinach line used for the pathogenicity tests had a low level of partial resistance to Fusarium wilt. Although there is no known "complete" resistance to Fusarium wilt in spinach germplasm, and resistance appears to be quantitative (J. Schafer and J. de Visser, spinach breeders, personal communication), inadvertent use of a parent line with partial resistance to F. oxysporum f. sp. spinaciae may have precluded identification of the correct forma specialis of weakly aggressive isolates of the pathogen. However, subsequent pathogenicity testing using a female spinach line that is highly susceptible to Fusarium wilt corroborated results of the initial pathogenicity tests.
The significant incidence of cross-detection of the real-time PCR assay developed for F. oxysporum f. sp. spinaciae with nonpathogenic isolates of F. oxysporum obtained from spinach plants, seed, and soil sampled from fields in which spinach had been grown was unexpected. Although speculative, one hypothesis for similarity of the SNP in pathogenic and nonpathogenic isolates from spinach plants is a close genetic relationship between the isolates. Such a relationship has been observed within some other formae speciales (2, 4, 27, 38, 47) . However, further work would need to be conducted to address this hypothesis. Virulence factors governing tomato responses to F. oxysporum f. sp. lycopersici were demonstrated to reside on mobile pathogenicity chromosomes that are lineage specific (47) . Transfer of portions of an effector-carrying chromosome from F. oxysporum f. sp. lycopersici to a nonpathogenic isolate rendered the recipient isolate pathogenic on tomato (47) .
Isolates of F. oxysporum formae speciales other than spinaciae also may pose complications for accurate quantification of F. oxysporum f. sp. spinaciae using the real-time PCR assay developed in this study. Based on information received from the Fusarium Research Center (Pennsylvania State University), isolate O-0326 probably originated from Easter (trumpet) lily in California or Oregon (R. Linderman, personal communication). Although the isolate was obtained from a lily plant with symptoms of Fusarium wilt, the isolate does not appear to have been tested for pathogenicity on lily to verify the forma specialis designation, complicating efforts to assess specificity of molecular detection assays for isolates of different formae speciales of F. oxysporum, including the real-time PCR assay developed in this study. Nonetheless, PNW spinach seed production sites are seldom planted to lily crops. Likewise, celery and stock crops are not grown in rotation with spinach seed crops in the PNW; therefore, isolates of F. oxysporum f. sp. apii and matthiolae are not expected to interfere with use of the real-time PCR assay in the primary region of spinach seed production in the United States. However, F. oxysporum f. sp. cucumerinum does occur in this spinach seed production region. Furthermore, the Willamette Valley of western Oregon is an important region for both radish and spinach seed production. Combined with potential cross-detection of the real-time PCR assay with nonpathogenic isolates of F. oxysporum associated with spinach, this means that there is a potential for overestimating populations of F. oxysporum f. sp. spinaciae using the real-time PCR assay. Similarly, use of the real-time PCR assay for testing spinach seed for F. oxysporum f. sp. spinaciae may be confounded by potential cross-detection of nonpathogenic isolates of F. oxysporum that can be associated with spinach seed (unpublished data), and by the fact that such PCR assays cannot differentiate DNA from live versus dead cells of the target pathogen. This may result in overestimation of the amount of viable inoculum in seed lots, particularly lots that have been stored for extended periods or exposed to treatments such as hot water or chlorine (16) .
The main limitation of the real-time PCR assay developed in this study for detection and enumeration of F. oxysporum f. sp. spinaciae is the potential for cross-detection of nonpathogenic isolates of F. oxysporum that are readily isolated from spinach plants or from soil in which spinach crops are grown. The incidence of cross-detection of nonpathogenic isolates was much greater than for other formae speciales. Therefore, investigation of the potential genetic relationship of nonpathogenic isolates of F. oxysporum with isolates pathogenic on spinach may be warranted, (e.g., using vegetative compatibility, mitochondrial DNA haplotyping, or IGS haplotyping; 27). Despite these limitations, the assay may provide a means of screening for resistance to Fusarium wilt of spinach (56) by enabling quantification of the pathogen in spinach plants inoculated with the pathogen.
